Growth behaviors of intermetallic compounds (IMCs) and Kirkendall voids in Cu/Sn/Cu microbump were systematically investigated by an in-situ scanning electron microscope observation. Cu-Sn IMC total thickness increased linearly with the square root of the annealing time for 600 h at 150°C, which could be separated as first and second IMC growth steps. Our results showed that the growth behavior of the first void matched the growth behavior of second Cu 6 Sn 5 , and that the growth behavior of the second void matched that of the second Cu 3 Sn. It could be confirmed that double-layer Kirkendall voids growth kinetics were closely related to the Cu-Sn IMC growth mechanism in the Cu/Sn/Cu microbump, which could seriously deteriorate the mechanical and electrical reliabilities of the fine-pitch microbump systems.
Introduction
Three-dimensional (3D) integrated circuits (ICs) have advantages of decreased power consumption, excellent electrical properties, and high form-factor performance. The newest electronic packaging technology in the form of vertical stack bonding of interconnected device layers is required to develop 3D ICs. [1] [2] [3] [4] [5] [6] [7] [8] Flip-chip packaging technology has been widely used in the electronics industry in recent years as high performance and miniaturized electronics have become more common. However, solder bumps are limited to applications with a fine pitch of less than 100 µm due to the bump bridging between adjacent bumps. [9] [10] [11] Therefore, finepitch Cu/solder/Cu microbump structure has been developed to overcome this limitation. 12) Electrical reliability can also be improved with this structure because the Cu pillars of the Cu/Sn/Cu microbump have superior electrical and thermal conductivities. 13) However, because the Cu/Sn/Cu microbump is made of a typical Sn-rich solder between Cu pillars, metallurgical reactions can lead to the formation of layered Cu-Sn intermetallic compounds (IMC), namely Cu 6 Sn 5 and Cu 3 Sn, on the pad surface. Right after reflow, Cu 3 Sn layer is usually extremely thin, while both IMCs grow subsequently by solid-state reactive diffusion processes. Although Cu-Sn IMCs are essential for the formation of robust solder joints, such solder joints with Cu-Sn IMCs are often susceptible to Kirkendall voiding, which induces premature mechanical failures of electronic packages. 14, 15) The voids grown under thermal aging conditions (e.g., under Cu-Sn IMC growth or under accelerated thermal aging) can lead to the mechanical weakening of the solder joints, which can cause failures in subsequent shock tests or in the extreme case, even under the stresses associated with thermal cycling. 16) IMC growth kinetics and Kirkendall void formation in conventional solder bumps have been subjects of extensive experimental and theoretical studies. [17] [18] [19] [20] [21] To our knowledge, however, experimental evidences on the effect of IMC kinetics on Kirkendall void growth characteristics have not been systematically investigated. 22, 23) It was reported for conventional solder bump structure that segregation of residual S atoms to form new Cu 3 Sn/Cu interface, Kirkendall voiding, and phase transformation from Cu 6 Sn 5 to Cu 3 Sn can be repeated under extensive aging conditions, which led to form multiple layers of Kirkendall voids. 24) However, little systematic and quantified analyses has been carried out on the relationship between IMC phase growth kinetics and Kirkendall void growth characteristics in Cu/Sn microbump systems. In this paper, IMCs and Kirkendall void growth kinetics in Cu/Sn/ Cu microbumps during annealing were correlated each other by in-situ SEM observations and quantification. Figure 1 shows a schematic diagram and cross-sectional scanning electron microscope (SEM) image of the Cu/Sn/Cu microbump structure used in this study. In order to fabricate this specimen, Ti (50 nm) and Cu (200 nm) layers were sputtered subsequently on a Si substrate to act as the adhesion layer and the seed layer, respectively. Subsequently, a dry film photoresist was used for lithographic processing to open a space with height of 50 µm over 80 µm diameter. Cu pillars were made by using an electroplated 40-µm-thick Cu layer and an electroplated 10-µm-thick pure Sn layer. The diameters of the Cu pillars were 80 µm. Pure Sn solders at both the top chip and bottom chip were directly interconnected during the bonding process. Bonding pressure of 24 MPa was applied during bonding on hot plate in the vacuum chamber. The bonding temperature was 280°C, and the bonding time was maintained for 1 min at the peak temperature. After bonding, the final Sn thickness was determined to be around 20 µm. To observe real-time IMCs growth behaviors as a function of annealing time, the crosssection of the sample was ground with #2000 SiC paper and then polished using a diamond suspension (1-3 µm). The IMC thickness and Kirkendall void area were quantified by an in-situ method: Cu/Sn/Cu microbump with 20-µm-thick Sn layer was annealed in an SEM chamber at 150°C. The growth of IMCs and Kirkendall voids between Sn/Cu interfaces was analyzed by using SEM back-scattered electron (BSE) mode and by energy-dispersive X-ray spectroscopy (EDS). The Cu-Sn IMCs and voids were quantified using an image analyzer where IMC thickness was defined as the area of IMC divided by the interface length.
Experimental procedure

Results and discussion
In order to investigate in-situ evolution of the interfacial microstructure and the growth characteristics of Cu-Sn IMCs in Cu/Sn/Cu microbumps during annealing, SEM BSE images were taken of the cross-sectioned microbumps with annealing time, as shown in Fig. 2 for 100 h at 150°C. SEM and EDS results suggested that only Cu 6 Sn 5 was present at the Sn/Cu interfaces right after bonding, and that Cu 3 Sn and Kirkendall voids formed and grew at the Cu 6 Sn 5 /Cu interface with increasing annealing time. Figure 3 shows the cross-sectional BSE images and schematic diagrams at Cu/Sn interfaces during annealing at 150°C. After bonding for 1 min at 280°C, the interfacial Sn and Cu phases reacted to form Cu 6 Sn 5 phase immediately at Cu/Sn interface, and the Cu 3 Sn phase nucleated near interface between the Cu 6 Sn 5 and Cu pillar during annealing. The Cu 3 Sn/Cu interface was void-free before annealing, but Kirkendall voids began to nucleate at the interface during annealing. 24) After 50 h annealing at 150°C, the first Kirkendall voids fully covered the Cu 3 Sn/Cu interface, as shown in Fig. 3(b) . The islandtype second Cu 3 Sn IMC started to form inside Cu after 150 h. After 150 h annealing, Cu 3 Sn above the first Cu 3 Sn/Cu interface coalesced completely, and subsequent Sn diffusion into the Cu pillar through the remaining ligament of the interface formed islands of second Cu 3 Sn denoted as inside the Cu pillar, 24) as shown in Fig. 3(c) . The first Cu 3 Sn/Cu interface was replaced by the Cu 6 Sn 5 /Cu interface after 150 h annealing. With further annealing, the second Cu 3 Sn thickened and two noteworthy phenomena occurred. First, Kirkendall voids nucleated at the new second Cu 3 Sn/Cu interface after annealing. Second, the initially straight Cu 6 Sn 5 /Cu interface was replaced by a thick first Kirkendall void interface, as shown in Fig. 3(d) . Similarly with the previous reports on the multiple voiding phenomena for conventional solder bump structure, 20, 24) as the second Cu 3 Sn/Cu interface was continuously covered by the Kirkendall voids that grew at the new interface, the flux of Cu atoms into Cu 3 Sn was again inhibited and the second Cu 6 Sn 5 started to form, replacing the second Cu 3 Sn between the first and second Kirkendall voids, 24) as shown in Fig. 3(e) . To understand the differences in IMC growth kinetics, the thicknesses of Cu 6 Sn 5 and Cu 3 Sn IMCs are shown in Fig. 4 as a function of annealing time at 150°C. Total thickness of each IMC increased linearly with the square root of the annealing time, which implies that the IMC growth was controlled by the diffusion mechanism. However, in the case of the separated Cu 6 Sn 5 , the first Cu 6 Sn 5 marginally grew after 300 h and at the same time, the second Cu 6 Sn 5 grew below the first Kirkendall voids, as shown in Fig. 5(a) . The first Cu 3 Sn linearly increased before 100 h but was rapidly consumed after 100 h. Also, the second Cu 3 Sn IMC started to form in the Cu pillar after 100 h, as shown in Fig. 5(b) . This means that even though the Cu 3 Sn/Cu interface appeared to have been fully covered with Kirkendall voids after 50 h, a substantial portion of the interface remained connected [cf. Fig. 3(b) ], which served as a path for matter diffusion, similarly with the previous reports for conventional solder bump structure. 24) Figure 6 shows the Kirkendall void area of the first void and second void as a function of the square root of the annealing time at 150°C. The void growth velocities of the first void decreased after 300 h at 150°C, while the second void started to form after 100 h at 150°C. These results showed the reasonable correlations not only between the first voids and second Cu 6 Sn 5 growth behavior, but also between the second voids and second Cu 3 Sn growth behavior, as shown in Fig. 7 . As the initial Cu 3 Sn/Cu interfaces moved to the Cu pillar side, voids flux decreased from the Cu pillar. In our previous work, it was confirmed that the growth kinetics of Kirkendall void area was very closely related to the Cu 3 Sn IMC growth kinetics. 25) Second voids grew as the initial Cu 3 Sn/Cu interface moved to the second interface (Cu pillar side). By repeating this process, double-layers Kirkendall voids were formed between the first Cu 6 Sn 5 and the remaining Cu pillar, as shown in Fig. 3(e) . Kim et al. 24) reported that IMCs and Kirkendall voids of multiple layers were observed in a conventional solder bump. Such behaviors were also observed in the Cu/Sn/Cu microbump and it could be confirmed that double-layer Kirkendall void growth kinetics were closely related to the second IMC growth mechanism. 
